This study investigated the extent of apparent losses due to water meter under-registration in South Africa. This was done by first estimating the under-registration of new meters due to on-site leakage, and then the additional under-registration due to meter aging. The extent and flow distributions of on-site leakage were determined through field studies in Cape Town, Mangaung and Johannesburg, by measuring the flow through new water meters when no legitimate consumption occurred on the property. The results were used in combination with the accuracy curves of new meters to estimate meter underregistration. The eThekwini meter replacement database was used to estimate the effect of meter age on meter accuracy. By combining these results with the average age of meters in South Africa, estimated from the National Water Demand Archive, it was possible to estimate the average meter under-registration due to meter aging. The study concluded that apparent losses due to water meter under-registration are around 5% of consumption for domestic consumers.
INTRODUCTION
The International Water Association defines apparent losses as water that is delivered to consumers, but experienced as a loss by municipalities. The two main causes of apparent losses are water meter under-registration and unauthorised consumption, although administrative errors may also play a role (Farley and Trow, 2003) . According to the American Water Works Association, consumer meter under-registration is the main cause of apparent losses in distribution systems (AWWA, 2009 ), but this is not true in all systems and thus local conditions should be taken into consideration.
Apparent losses are important for determining real losses, which are estimated in a top-down approach by subtracting apparent losses from water losses (Thornton et al., 2008) . In systems with significant levels of apparent losses, water consumption data will be distorted unless apparent losses are taken into consideration, which may result in sub-optimal planning and management decisions.
Apparent losses are normally valued at the retail rate charged to consumers, unlike real losses that are valued at production cost (Thornton et al., 2008) . A study in Switzerland found that apparent losses accounted for 26% of non-revenue water in terms of volume, but 69% in terms of financial loss to the utility (Guibentif et al., 2007) . Similar results have also been reported for Philadelphia (Thornton et al., 2008) and Tampa Bay (Pickard et al., 2008) in the United States. Apparent losses are normally estimated as a percentage of water losses or consumption. In Australia, New Zealand, USA and Canada, unauthorised consumption is estimated as 0.1% of system input volume and meter under-registration as 2% of metered consumption (Seago and McKenzie, 2007) .
In South Africa, Seago et al. (2004) proposed values for the components of apparent losses based on local conditions (see Table 1 ). Suggested values for unauthorised consumption vary between 2% and 10% and administrative losses between 2% and 8% of water losses. Mutikanga et al. (2010) developed a similar table for developing countries (see Table 1 ), estimating unauthorised consumption to vary between 0.5% and 10%, and administrative errors to vary between 2% and 10% of billed metered consumption.
Despite these guidelines, little work has been published on the actual levels of apparent losses in South Africa. To help address this knowledge gap, this study was conducted with the objective of estimating apparent losses due to water meter under-registration in domestic water meters in South Africa. This study only investigated middle-to high-income groups, from whom most municipal income is generated due to high consumption and payment rates. Low-income areas are also important from a water management perspective, but fell outside the scope of this study. However, where data were available for low-income areas, these were included in the results.
Two factors that contribute to water meter under-registration were considered in this study: low flow rates as a result of on-site leakage and the deterioration in accuracy of water meters due to aging.
Water meters are sized to be accurate at typical consumption flow rates. While metering errors at these flow rates are small, it is known that mechanical meters under-register at low flow rates. As meters age and their components wear, they typically under-register more, and this effect is felt most prominently at lower flow rates (Davis, 2005; Arregui et al., 2003; Arregui et al., 2011; Mutikanga et al., 2010) . A main cause of low flow rates that will result in even new meters under-registering is leakage on consumers' properties. On-site leaks may be widespread and typically cause continuous low flow rates in the low accuracy range of water meters. In a recent study in Johannesburg, Lugoma et al. (2012) found that 67% of 128 randomly-selected domestic properties in middleto high-income suburbs had a measurable on-site leakage with the leaking properties having a median flow rate of 5.7 ℓ/h.
The approach followed in this study was to first estimate meter under-registration of new meters due to on-site leakage, and then estimate meter under-registration due to aging. These two parts of the study are discussed separately in the next sections. This is followed by a discussion where the results are combined to estimate the extent of apparent losses due to water meter under-registration in domestic properties in South Africa.
ON-SITE LEAKAGE
On-site leakage is defined as leakage that occurs on the downstream side of the consumer's water meter. The International Water Association classification of leakage considers on-site leakage to be part of consumption and not a loss since the water is delivered to the consumer. On-site leakage therefore contributes to water demand, but can also significantly increase apparent losses due to the under-registration of the associated low flow rates.
It is important to quantify the level of on-site leakage in terms of both occurrence and flow rate to identify the extent of the problem. This was done for selected suburbs in Cape Town and Mangaung to expand the earlier work done by Lugoma et al. (2012) in Johannesburg.
Methodology
The consumer meter databases of Cape Town and Mangaung were used to identify domestic water meters less than 3 years old in middle-to high-income areas. It was assumed that these meters were randomly distributed and that their accuracies were similar to those of new meters.
The procedure involved reading the water meter at 5-min intervals for 15 min after requesting the consumer not to use water for the period of the test. If an on-site leak was identified, the procedure was repeated at another time to validate that the reading was indeed from a leak.
A total of 405 and 166 water meters were investigated in Cape Town and Mangaung, respectively. In Cape Town, 58% of the meters investigated were multi-jet and 42% were positive displacement, of sizes varying from 15 to 25 mm. In Mangaung, all of the meters were 15 mm positive displacement meters, with the exception of one multi-jet meter. These meters were distributed in 15 and 6 different suburbs in Cape Town and Mangaung, respectively.
The reading taken from water meters in these tests included meter errors, and thus had to be corrected to determine the actual volumes. These corrections were based on the manufacturer's accuracy curves and are described in Lugoma et al. (2012) .
Results
A summary of the results of the Cape Town, Mangaung and Johannesburg studies is provided in Table 2 . The incidence of on-site leakage in the middle-to high-income suburbs investigated in Cape Town and Mangaung was found to be 17% and 28%, respectively, significantly lower than the 67% found in Johannesburg. Figure 1 compares the incidence of on-site leakage in this study to other values found in South Africa and internationally. It is clear that the incidence of on-site leakage varies a great deal, but is highest in low-income areas. International studies generally indicate a low incidence of on-site leakage, with the notable exception of Mayer et al. (1999) , who found an on-site leakage incidence in various areas of the USA that is similar to that of Johannesburg.
The average on-site leakage rates for domestic properties in Cape Town and Mangaung were found to be 21.2 and 39.1 ℓ/h, respectively. This is in the same order of magnitude as the Johannesburg value of 23.4 ℓ/h. In all cases the median leakage rates were significantly lower than the average, indicating that the distributions of the leakage rates are skewed towards lower flow rates, with few very high values that raise the average.
The minimum on-site leakage rate was limited by the starting flow rate of the meters investigated, which is approximately 6 ℓ/h. The maximum on-site leakage rates found in the three cities were remarkably similar, varying between 411 and 449 ℓ/h. Based on the incidence and flow rate results, the overall (including leaking and non-leaking properties) monthly on-site leakage rates of residential properties in Cape Town, Mangaung and Johannesburg were estimated as 2.6, 8.0 and 11.0 kℓ/month per property. The distribution of residential on-site leakage rates in Cape Town, Mangaung and Johannesburg are compared in Fig. 2 , and the cumulative distributions in Fig. 3 . In all three cases the highest proportion of properties had low on-site leakage rates, with the proportion of properties decreasing rapidly with increasing leakage rate. The lack of data in the 0-5 ℓ/h range is due to these flow rates being too small for the meters to register. However, considering the trend in the data, it seems likely that many properties will have on-site leakage below the starting flow rate of the meter. Figure 3 shows that almost 90% of the leakage flow rates in Cape Town are below 20 ℓ/h, compared to 50% for Mangaung and 80% in Johannesburg. While Mangaung has a lower incidence of on-site leakage, it has larger leakage flow rates.
Discussion
By comparing the registered and corrected volumes of on-site leakage, the apparent loss component of the on-site leakage for new meters may be calculated. It was found that in Cape Town, 13.1% (2.8 l ℓ/h per leaking property) of the on-site leakage is unmetered for new meters, while in Mangaung this number is 2.7% (1.1 ℓ/h per leaking property). The reason Mangaung has a lower fraction is that its leakage rates were higher and thus in the higher accuracy range of the meters. The Johannesburg study found that the average under-registration of on-site leakage for residential properties was 1.7 ℓ/h, which is equivalent to an under-registration of 10% of the on-site leakage.
It should be stressed that the findings of these studies exclude leakage that occurred at flow rates below the starting flow rates of the meters, and thus can be considered as conservative.
It seems reasonable to assume that 10% to 15% of measured on-site leakage is apparent losses due to meter under-registration. The higher end of this scale was adopted in this study for the following reasons:
• Registered or measured on-site leakage excludes the meter under-registration error. A given error based on the actual leakage will thus be higher when estimated as a percentage of the registered leakage.
• The on-site leakage values obtained in this study exclude any leakage flow rate below the starting flow rate of the meter. Since the fraction of properties increases with decreasing leakage rate down to the starting flow rate, it is likely that a significant proportion of the properties where no leakage was measured did have leaks below the starting flow rate of the meters.
It is thus recommended that 15% of on-site leakage measured with relatively new meters is considered as apparent losses due to meter under-registration of on-site leakage.
METER AGING
An investigation was conducted on the development of water meter under-registration losses with age and the impact of this on apparent losses. This was done in two steps, the first to estimate the deterioration in water meter accuracy with age and the second to estimate the average water meter age in South Africa.
Meter accuracy deterioration with age
It is not simple to generalise the deterioration of water meter accuracy with age since this depends on many factors, including the meter model, type of meter, water quality and characteristics of the water consumption pattern (Van Zyl, 2011) . Pipe bursts and intermittent supplies often result in water quality problems that may affect water meter performance (Van Zyl, 2011) .
Under ideal circumstances, municipalities should monitor the conditions of their meters through failure patterns and testing. However, such programmes are not common in South Africa and doing physical tests as part of this study would have been prohibitively expensive. As a result, the analysis was based on the water meter database of eThekwini municipality.
The eThekwini water meter database included 158 409 domestic and non-domestic consumers who had their meter replaced at least once between June 2004 and February 2011. Of these records, 142 858 or 90% consisted of 15 mm positive displacement meters produced by a single manufacturer. Since this study specifically considered domestic meters, and the numbers of other types of meters were small, only these 15 mm domestic meters were further analysed.
The data was further cleaned by removing incomplete records and obvious errors such as stuck water meters. The cleaning steps and the number of records affected are summarised in Table 3 . After the cleaning process, 65 067 records remained for use in the study.
The data records were stratified into homogeneous groups according to meter age and registered volume, as shown in Tables 4 and 5 . Age groups of 5 years and volume increments of 1 000 kℓ were used. Groups with less than 1 000 data points were excluded from the analysis.
The under-registration error of each replaced meter in the database was estimated as the increase in consumption after replacing the meter with a new one. Periods of 12 months of registered consumption before and after replacement were used to account for seasonal variation in consumption. This analysis was based on the following assumptions:
• The actual consumption 1 year before and after replacement is identical. While this is unlikely to be the case for a single user, considering a large number of records provides a statistically significant picture of the overall behaviour. To verify this, the eThekwini billing database was analysed and it was found that domestic consumption actually had a decreasing trend over the study period (see Fig. 4 ). This means that the results found are likely to under-estimate the actual meter under-registration, and can thus be considered as conservative.
• The new meters have negligible error compared to the replaced meters.
The descriptive statistics of the differences in consumption after and before the meter replacement are given in Table 4 for meter age groupings and in Table 5 for volumetric groupings. A frequency distribution of the difference in consumption of a typical group is shown in Fig. 5 . Since the smallest possible difference is bounded on the lower end but not on the upper end, the data tends to a log-normal distribution. This trend is evident from the average values in the tables being significantly higher than the mean values. As a result, the median rather than the average differences were used in this study. The median meter error as a function of meter age is given in Fig. 6 . The figure shows a strong linear trend for meters younger than 25 years. The slope of this line indicates deterioration in meter accuracy (i.e. increasing under-registration) of 0.36% of consumption per year. In other words, the growth in apparent losses due to meter aging grows by about 1% of consumption every 3 years. The meters older than 25 years do not fit the linear trend, which may be due to changes in manufacturing materials or the smaller sample sizes of these meters.
The median meter error as a function of the volume through the meter is given in Fig. 7 . Except for the first 1 000 kℓ, the data show a strong linear trend. The slope of this line indicates deterioration in meter accuracy (i.e. increasing under-registration) of 0.9% of consumption per 1 000 kℓ of water measured. In other words, the growth in apparent losses 
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Median meter error versus registered volume
Figure 6
Median meter error versus age due to meter aging grows by about 1% of consumption for every 1 000 kℓ measured.
Age distribution of meters in South Africa
The National Water Demand Archive (Van Zyl and Geustyn, 2007) was used to estimate the average age of meters in South Africa. The archive includes a value for the installation date of the meter, which was used as the basis for the study.
The approach adopted in this study was to estimate the average replacement rate over the last 3 years of available data. Cities without any meter replacement data, with less than 5 000 meter replacements or obvious erroneous or erratic data, were excluded.
The fractions of meters replaced in each of the remaining cities (or areas) are shown in Fig. 8 . The figure indicates that meter replacement rates vary greatly between cities, but less so within different years for the same city. The mean meter replacement rate, weighted by the number of records for each city, was found to be 5%. This implies that, on average, meters performed in Cape Town, Mangaung and Johannesburg, it likely provides a reasonable picture of the situation in South Africa. However, conditions vary greatly between consumers and municipalities, and thus a local assessment of apparent losses is advised for any given area. The study found that meter under-registration due to onsite leakage is 2.2% of consumption, and due to meter aging 2.6% of consumption. This results in a recommended apparent losses value of 5% of consumption.
are replaced at an age of 20 years, and that the mean age of domestic meters in South Africa can be estimated as 10 years.
APPARENT LOSS ESTIMATE
Based on on-site leakage investigations in Cape Town, Mangaung and Johannesburg it is estimated that the meter under-registration error for on-site leakage will be 15% of the registered leakage rate for new meters.
Assuming a leakage incidence of 30% and an average leakage rate of 20 ℓ/h at these properties, the average leakage rate for all properties can be calculated as 6 ℓ/h per property. Based on the 15% rule, this results in an average meter under-registration rate of 0.9 ℓ/h per property, or 22 ℓ/day per property. Based on a typical consumption of 1 000 ℓ/day, this results in a typical meter under-registration of 2.2%.
The results of this study showed a strong linear relationship between meter age and under-registration with an increase in meter under-registration of 0.36% of consumption per year. If this is combined with the result of an average meter age of 10 years, the average meter under-registration error due to aging can now be estimated as 2.6% of consumption.
The total meter under-registration error in middle-to highincome areas in South Africa is thus estimated to be 4.8%, say 5%, of consumption.
CONCLUSION
The purpose of this study was to estimate the extent of apparent losses due to water meter under-registration for middle-to high-income domestic consumers in South Africa. The approach of the study was to combine estimates of new meter under-registration due to on-site leakage and meter underregistration due to aging.
While the data used in this study was obtained from different sources such as the eThekwini meter replacement database, National Water Demand Archive and on-site leakage studies
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Mean meter meters annual replacement rate for selected cities
